Bacterial formate-nitrite transporters (FNT) regulate the metabolic flow of small weak mono-acids derived from anaerobic mixed-acid fermentation, such as formate, and further transport nitrite and hydrosulfide. The eukaryotic Plasmodium falciparum FNT is vital for the malaria parasite by its ability to release the larger L-lactate substrate as the metabolic end product of anaerobic glycolysis in symport with protons preventing cytosolic acidification. However, the molecular basis for substrate discrimination by FNTs has remained unclear. Here, we identified a size-selective FNT substrate filter region around an invariant lysine at the bottom of the periplasmic/extracellular vestibule. The selectivity filter is reminiscent of the aromatic/arginine constriction of aquaporin water and solute channels regarding composition, location in the protein, and the size-selection principle. Bioinformatics support an adaptation of the eukaryotic FNT selectivity filter to accommodate larger physiologically relevant substrates. Mutations that affect the diameter at the filter site predictably modulated substrate selectivity. The shape of the vestibule immediately above the filter region further affects selectivity. This study indicates that eukaryotic FNTs evolved to transport larger mono-acid substrates, especially L-lactic acid as a product of energy metabolism.
Introduction
In an ancient event of convergent evolution, two protein families of unrelated primary sequence and function assumed a common fold, i.e., the aquaporin (AQP) channels for water and uncharged solutes and the formate-nitrite transporters (FNT) [1, 2] . Today, AQPs ubiquitously populate all kingdoms of life [3] , whereas FNTs are restricted to microorganisms [4, 5] . In prokaryotes, FNTs regulate the metabolic flow of formate (FocA) produced by anaerobic mixed-acid fermentation [6] [7] [8] of nitrite (NirC) as derived from chemical reduction of nitrate or oxidation of nitrogen monoxide [9] [10] [11] , and of hydrosulfide (HSC), i.e., the anion of the weak acid hydrogen sulfide [12] . In particular, NirC from Salmonella typhimurium is considered a putative antibiotic drug target because uptake and detoxification of nitrite disrupt activation of infected macrophages and subsequent immune responses [13] . Recently, we and the group of Kiaran Kirk identified the eukaryotic Plasmodium falciparum FNT (PfFNT) as a vital L-lactic acid transporter in the energy metabolism of malaria parasites [14] [15] [16] . We further discovered small molecules, which block PfFNT transport and potently kill malaria parasites at nanomolar concentrations, thus, exhibiting a novel mode of antimalarial action [17] .
High-resolution crystal structures of prokaryotic FocA [1, 2, 18] , NirC [11] , and HSC subfamily members [12] showed that FNTs are homopentamers and, thus, differ from the AQP homotetramers [19] . Yet, the individual AQP and FNT protomers that carry the actual substrate pathways exhibit surprisingly similar secondary structures and can be superimposed with 3 A deviation [1] . AQP and FNT monomers equally consist of six transmembrane spans and the termini are located at the cytoplasmic side. Furthermore, transmembrane spans 2 and 5 are similarly disrupted: in the case of AQPs by so-called half-helices carrying Asn-Pro-Ala signature motif caps [20, 21] , and in FNTs by loops named L2 and L5 (Fig. 1 ) [1] . Within these disrupting domains, AQPs orient backbone carbonyls toward the passing substrate for hydrogen bond interactions, whereas FNTs exhibit a configuration in which not the peptide backbone but the amino acid side chains point into the substrate path. The lipophilic nature of these residues is responsible for the formation of two lipophilic constrictions ( Fig. 2A) . One of which is located at the periplasmic (bacteria) or extracellular opening (protozoa), respectively, and the other one at the cytoplasmic side. The imidazole side chain of an indispensable histidine (position 209 in FocA; Fig. 2A ) is sandwiched between both constrictions [4, 22] .
Initial functional characterizations of the FNT isoforms [8] and a new study on the general FNT transport mechanism [22] revealed two key properties: (a) the neutral, protonated substrate species is the major transport form, and (b) eukaryotic FNTs conduct larger substrates than prokaryotic FNTs. Yet, a substrate selectivity filter site has not been described.
Here, we show the identification and experimental modulation by point mutations of an FNT substrate selectivity filter. It is reminiscent of the aromatic/arginine (ar/R) selectivity filter of AQPs [23] regarding its location in the protein, its size exclusion principle, and its amino acid layout holding a positively charged residue in a hydrophobic environment. By analysis of a representative set of 71 FNT protein sequences, we consistently found a narrow filter layout in prokaryotic FNTs and a wide filter in eukaryotic FNTs allowing for predictions of substrate selectivity and connected physiological roles of novel, uncharacterized FNT family members.
Results

Eukaryotic FNTs conduct larger substrates than prokaryotic FNTs
For measurements of selectivity for differently sized physiological substrates, we chose two prokaryotic and two eukaryotic FNT proteins, i.e., Escherichia coli FocA, E. coli NirC, P. falciparum PfFNT, and Babesia bovis FNT (BbFNT) [16] . We produced the proteins in yeast (Fig. 3) (Fig. 2B ). This may be derived from higher densities of the eukaryotic FNTs at the plasma membrane or, more likely, from intrinsic protein properties. Hence, we determined substrate transport profiles of the individual FNT isoforms (Fig. 2C ) as this provides a measure that is independent of expression levels; transport rates relative to formate are shown in Table 1 . We found that eukaryotic PfFNT and BbFNT transport formate and acetate at the same rate, and L-lactate at about half the rate. The prokaryotic FocA equally transported formate and acetate, yet excluded L-lactate confirming earlier data [22] . NirC turned out to be selective for the smallest substrate formate, which is bioisosteric to its genuine substrate nitrite.
Mutation of the lipophilic PfFNT constriction does not affect L-lactate transport
In order to relate the difference in selectivity of prokaryotic and eukaryotic FNTs to protein features, we analyzed the amino acid compositions of the substrate transport pathways based on FNT crystal data [1, 2, 14, 18, 22] . A side view of the prototypical FocA is shown in Fig. 2A with the residues of the lipophilic constriction sites labeled in blue. In the crystals, the lipophilic constrictions are too narrow (< 2.4 A) even for solvent water molecules to pass. Being the narrowest segments in the transport path, one could figure that the periplasmic and cytoplasmic constrictions assume a function in size-dependent substrate selection.
Therefore, we compared the variability of the eight amino acids in the constriction sites from FocA, NirC, PfFNT, and BbFNT (Fig. 1) . Quite surprisingly, all except one position turned out to be identical. At the deviant site, PfFNT exhibits a conservative exchange of leucine (L79 in FocA; Fig. 2A ) to phenylalanine at position 94. To identify the composition of the constriction sites throughout the prokaryotic and eukaryotic subfamilies, we compared 71 representative FNT protein sequences [15] and calculated a subfamily sequence logo. It depicts relevant amino acid differences between two protein subfamilies by weighting the residue frequency with the information content at each alignment position [24] . In this analysis, the lipophilic constriction regions were inconspicuous indicating negligible variation between prokaryotic and eukaryotic FNTs (Fig. 4A) . Infrequently observed replacements of leucine and phenylalanine at PfFNT positions 90 and 94 (8 and 11 replacements, respectively, in 71 sequences) neither affect lipophilicity nor side chain volume (Fig. 4A, bars) .
We specifically generated a PfFNT F94L mutant in order to establish an identical constriction layout as in FocA (Fig. 3) . Transport assays using L-lactate as the largest substrate of our set yielded equal transport rates as with wild-type PfFNT (Fig. 2C) showing that the lipophilic constriction sites do not pose an impediment to L-lactate. This is in line with the earlier suggestion that the amino acid side chains at the lipophilic constrictions are flexible and move aside to provide access to the center of the transport path [2] . show weak (FocA) and more stable (PfFNT) SDS-resistant dimers (di) [14, 16] . EcNirC and BbFNT appeared as single bands at the indicated molecular weight. Hence, we exclude the lipophilic FNT constrictions as size-selective substrate filter sites.
Structure analysis hints at a size-selective FNT substrate filter
To take a different approach toward the identification of an FNT selectivity filter, we looked at FocA crystal structures with bound substrate molecules. In crystals of S. typhimurium FocA ( Fig. 2A ; PDB 3q7k) [18] , formate makes close contact with five residues at the bottom of the periplasmic vestibule (Fig. 4B ). Here, a lysine (K156) appears to be invariant in all available FNT protein sequences, and F207 interacts via the backbone carbonyl, i.e., independent of the side chain. When we checked for differences at the remaining three positions within the putative filter using the subfamily logo, we found a clear preference in eukaryotic FNTs for small residues, mainly glycine and alanine, at the positions corresponding to F49 and V203 of E. coli FocA (Fig. 4A,B) . The FocA Y52 position turned out to be more variable in eukaryotic FNTs holding serine, cysteine, alanine, leucine, or valine. The generally smaller amino acids present at the putative selectivity filter site of eukaryotic FNTs lead to a doubling of the pore diameter (Fig. 4B) . The location in the protein as well as the amino acid composition are reminiscent of the AQP selectivity filter, i.e., the ar/R constriction [23] , where a positively charged arginine residue is situated in a hydrophobic, aromatic environment. The AQP selectivity filter restricts passage by size exclusion yielding water-specific channels (< 2.4 A diameter) [19] , and AQPs with solute permeability, such as glycerol or urea (> 3.2 A) [23, [25] [26] [27] [28] [29] [30] .
Point mutations in the proposed filter predictively modulate substrate selectivity
Next, we tested whether the identified region around the invariant lysine acts as an FNT selectivity filter by introducing point mutations that narrow the diameter at this site. To this end, we produced PfFNT variants in which A58, S61, and A224 were individually replaced by the respective larger residues of FocA, i.e., PfFNT A58F, PfFNT S61Y, and PfFNT A224V. Expression levels in yeast were comparable for all mutants as judged by the signal intensity in the western blot (Fig. 3) . When we generated structure models of the mutants, PfFNT S61Y indicated a collision with another nearby tyrosine at position 86 (Fig. 5 ). This structural issue led to a protein that neither transported formate, acetate, nor L-lactate ( Table 1) . The structure models of PfFNT A58F and PfFNT A224V were free of clashes and showed reduced section areas through the transport path by 40% or 10%, respectively (Fig. 6A) ; concurrently, the shape changed from round to elliptic. While the A58F mutation fully blocked transport, PfFNT A224V decreased the transport rate of formate to the level of the prokaryotic FocA (Fig. 6B ). Yet, when looking at relative PfFNT A224V substrate transport rates, selectivity for formate, acetate, and L-lactate remained unaltered ( Fig. 6B and Table 1 ). We next generated PfFNT A58 mutants with more moderate substitutions, i.e., PfFNT A58V and A58L. Depending on the residue volume, these mutants exhibited increasing selectivity for smaller substrates: A58V transported formate and less efficiently acetate (54% of the formate rate), yet excluded L-lactate, whereas A58L became virtually selective for formate by excluding both, acetate and L-lactate. Finally, we reversely generated pore-widening point mutations in FocA to mimic the situation present in PfFNT and with the aim to induce transport of the larger L-lactate (Fig. 7A) . A FocA F49A mutation more than doubled the section area to about that of wild-type PfFNT. However, FocA F49A excluded lactate, and showed a similar formate transport rate as the nonmutated FocA; the bias for acetate transport was 1.3-fold increased relative to wild-type ( Fig. 7B and Table 1 ). FocA V203A also failed to transport L-lactate and exhibited a 1.3-fold shift in selectivity from formate toward acetate. Combination of F49A and V203A increased selectivity for acetate 2.3-fold, yet L-lactate did not pass. Removal of the phenol ring from Y52, which is located above the section plane, by replacement with serine (FocA Y52S) oppositely shifted selectivity toward formate and away from acetate (0.64 of formate).
Discussion
Selectivity for the differently sized, physiological PfFNT substrates, formate, acetate, and L-lactate (Fig. 8A ), correlates directly with the area of a section at the bottom of the extracellular vestibule (Fig. 8B) . This region is defined by the d-amine of the invariant K177, the backbone carbonyl of Y228, and the small side chains of A58, S61, and A224. Analogous mutations to widen the respective region of prokaryotic FocA affected the selection profile for formate and acetate. Both substrates were transported by FocA at similar rates despite the larger size of acetate due to the additional methyl moiety. Calculation of the minimal and maximal molecular projection diameters (Fig. 8A) shows that formate (5.30 A) and acetate (5.28 A) fit through the same aperture when oriented head-down along their molecule axes. In NirC, the exclusion of acetate and selectivity for formate, which is equally sized as nitrite, can be explained by the presence of a larger isoleucine at the V203 position (Fig. 4B, left) further narrowing the space to the invariant lysine (Fig. 9) . Formate, as well as the bioisosteric nitrite, but not acetate may pass the NirC selectivity filter in a rotated orientation with the carboxyl pointing to the side, hence exposing a smaller projection diameter to the filter site (4.48 A; Fig. 8A ). The branched L-lactate is considerably bulkier (6.00 9 7.06 A) than acetate carrying an additional methyl and a hydroxyl group. Together, the substrate shapes and dimensions are in line with the observed transport profiles, and with a selection principle by size in the region around the invariant lysine. The lipophilic constrictions sites (Fig. 8B) , which are highly conserved throughout the prokaryotic and eukaryotic FNTs, are not involved in this size-selection task. This is in accordance with experimental evidence from electrophysiological single channel recordings with FocA that revealed rapid opening and closing events at the millisecond scale indicating flickering side-chain movements [8] . As part of the transport mechanism, the flexible side chains give way to the neutral substrate species that originates from a protonation event in the vestibule [22] . Therefore, the selective function of the lipophilic constrictions seems to reside in posing energetic barriers against the passage of charged substrates [31] .
Formate-transporting FNT Y52S exhibited a comparatively large discriminating effect between formate and acetate, although the tyrosine side chain extends well above the plane that we defined as the selectivity filter region. We assume that removal of the aromatic side chain leads to structural rearrangements in the periplasmic vestibule of FocA, which affect access of the larger acetate to the selectivity filter site. Hence, we compared the shape of the periplasmic vestibule of FocA to the extracellular vestibule of PfFNT (Fig. 8B ). The side view shows that in PfFNT, the vestibule is funnel-shaped with the bottom, i.e., the selectivity filter region, forming the narrowest part; the FocA vestibule exhibits a fairly even diameter along its axis resembling a bottle neck and explaining why widening mutations at the bottom do not suffice to facilitate transport of substrates larger than acetate. Accordingly, evolutionary adaptation of selectivity from smaller substrates transported by prokaryotic FNTs to larger substrates passing through eukaryotic FNTs required conjunct exchanges of amino acids in the vestibule and in the selectivity filter region.
The location of an FNT selectivity filter closer to the periplasmic/extracellular side of the transporter, its amino acid composition, and the size exclusion principle are highly reminiscent of the AQP ar/R selectivity filter [23] . Yet, at first sight, having a size-selective filter only at one end may pose the question whether one transport direction would be preferred over the other, or whether even transport blockage could occur if a too large substrate enters from the nonphysiological side. This seems more critical if one takes into account the physiological situation of PfFNT in the malaria parasite where only the export of lactic acid is relevant [14] [15] [16] [17] , yet in this study due to technical feasibility, the import direction was assayed. In AQPs, despite the asymmetric positioning of the selectivity filter, passage of substrates, i.e., water, glycerol, urea, ammonia, arsenous acid, etc., is strictly bidirectional [32, 33] . In order to act in both directions and to prevent substrates that cannot pass the filter from blocking the channel, such molecules must be swiftly released especially when taking the longer path from the cytoplasmic side. Energy calculations showed that in the AQP channel in which substrate movement is mostly free (< 5 kcalÁmol À1 ) due to low affinity to the protein [32, 33] , the location of an impeding constriction is irrelevant in terms of directional transport. In this regard, we and others have shown that FNTs bind substrates with very low affinity in the double-digit millimolar range [8, 14, 22] , i.e., exhibit a channel-like property. This way, the residence time of nonsubstrates or of species with low probability of transport, for instance nonprotonatable chloride anions, are kept low and the transport path is kept clear [22] . Larger, drug-like molecules, however, that deeply enter the FNT transporter center from the cytoplasmic side and simultaneously employ electrostatic interactions outside of the lipophilic constriction are potent FNT inhibitors. In a screening program, we identified substrate-analogous PfFNT inhibitors that block L-lactic acid transport and kill malaria parasites at nanomolar concentrations [17] .
In conclusion, we propose that the eukaryotic FNT protein family members have adapted substrate selectivity to match the metabolic needs of a protozoal cell, which differ largely from those of bacteria. In analogy to the AQP ar/R constriction, the FNT selectivity filter may be referred to as the hydrophobic/lysine constriction (Φ/K). The presence of small amino acid residues in the FNT selectivity filter defined in this study in conjunction with the funnel shape of the adjacent vestibule indicates that eukaryotic FNTs evolved to efficiently transport larger mono-acid substrates, especially L-lactic acid as a key product of energy metabolism pathways.
Materials and methods
Sequence analysis and structure models
Protein sequences were derived from PlasmoDB and the NCBI protein database; protein structure data were from the RCSB Protein Data Bank. Sequence subfamily logos were calculated using TEXSHADE [34] . Protein structures were visualized with the PYMOL Molecular Graphics System, Version 1.7, Schrödinger, LLC. New York, NY, USA, and the CHIMERA software [35] . Minimal and maximal substrate projection diameters were calculated using chemicalize (ChemAxon, Budapest, Hungary). Protein structure models of PfFNT and BbFNT were based on E. coli FocA (PDB 3kcu) [1] and generated using SWISSMODEL [36] .
Expression plasmids, mutation, yeast transformation, and culture Codon-optimized PfFNT (NCBI XP_001351236.1) and BbFNT (NCBI XP_001608703.1) in the yeast expression vector pDR196 have been described [22] . Escherichia coli FocA [6] and E. coli NirC [11] were amplified from genomic E. coli DH5a DNA and cloned in pDR196 via Spe I/ Xho I. All constructs encode an N-terminal hemagglutinin epitope and a C-terminal 10 9 His-tag. Point mutations were introduced using the QuikChange protocol (Stratagene) using primers with respective nucleotide exchanges (PfFNT_A58V_fw: TTC GTA GGC CTG TGT GTA CAT GCG TCA GGA ATC; PfFNT_A58L_fw: TTC GTA GGC CTG TGT CTA CAT GCG TCA GGA ATC; PfFNT_A58F_fw: TTC GTA GGC CTG TGT TTC CAT GCG TCA GGA ATC; PfFNT_S61Y_fw: CTG TGT GCA CAT GCG TAC GGA ATC GCG GGT GGG; PfFNT_S61Y_rv: CGC ATG TGC ACA CAG GCC TAC GAA CAT CCC; PfFNT_F94L_fw: ACA TTT CCG ATA GCA TTG ATG TGC ATC ATC TGT; PfFNT_F94L_rv: TGC TAT CGG AAA TGT AAA GCC GTA CAC AAA; PfFNT_A224V_fw: GCA GTT TAT GCC TTT GTG ATT GCC GGC TAT GAG; PfFNT_A224V_rv: AAA GGC ATA AAC TGC AAA GAA CAC AGA AAA; EcFocA_F49A_fw: TTC ATC TCA ATC GCA GCC GTC TTC TAT ATC ACA; EcFocA_F49A_rv: TGC GAT TGA GAT GAA AAC ACC GGC GGT AAT; EcFocA_Y52S_fw: ATC GCA TTC GTC TTC TCT ATC ACA GCA ACC ACT; EcFocA_Y52S_rv: GAA GAC GAA TGC GAT TGA GAT GAA AAC ACC; EcFocA_ V203A_fw: GTC GCG ATG TTT GCT GCC AGC GGT TTT; EcFocA_V203A_rv: AAA CAT CGC GAC CGG CAG CAC CAT AAT GAA). All constructs were sequenced for verification. W303-1A jen1D ady2D (MATa, can1-100, ade2-1oc, his3-11-15, leu2-3,-112, trp1-1-1, ura3-1, jen1::kanMX4, ady2::hphMX4) yeast cells, were transformed using the lithium acetate/single-stranded carrier DNA/polyethylene glycol procedure [37] . Transformed yeast was grown at 30°C in selective media (SD) without uracil and containing adenine, histidine, leucine, tryptophan, and 2% (wt/vol) glucose.
Yeast membrane protein preparation and western blot
Yeast cells from 100 mL culture were collected (1000 g, 5 min) at an OD 600 of 1, and washed with 25 mL water and 10 mL extraction buffer (5 mM EDTA, 25 mM Tris, pH 7.5), pelleted and resuspended in 0.5 mL extraction buffer. Cells were disrupted by adding 0.5 g acid-washed glass beads (Ø 0.5 mm; Sigma Aldrich, Munich, Germany) and 10 cycles of vortexing and cooling of 30 s each. The supernatant was centrifuged at 100 000 g for 40 min, and the obtained membrane protein pellet was resuspended in 0.1 mL 100 mM phosphate buffer, pH 8.0, with 50 mM NaCl. About 30 lg of total protein per lane were separated by SDS PAGE, blotted on poly(vinylidene difluoride) membranes (Hybond-P; Amersham Biosciences, Freiburg, Germany) and probed with a monoclonal anti-hemagglutinin antibody (Roche, Mannheim, Germany). Detection was done using a horseradish peroxidase-conjugated secondary antibody (Jackson Immuno Research, Dianova, Hamburg, Germany) and the ECL Plus Western blotting detection system (GE Healthcare, Hamburg, Germany), and documented with a Lumi-Imager F1 (Roche).
Direct transport assays using radiolabeled substrates
Assays were done as described earlier [14, 22] . Briefly, for standard assay conditions, yeast was suspended in 50 mM HEPES/Tris, pH 6.8, to an OD 600 of 50 (AE 10%) and kept on ice. The assays were carried out with three biological replicates at 18°C in 1.5 mL reaction tubes containing 80 lL aliquots of yeast suspension. Transport was initiated by adding 20 lL of substrate solution to yield a final concentration of 1 mM substrate and 0.04 lCi radiolabeled [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-substrate (formate, acetate, or L-lactate). The reaction was stopped by abrupt dilution with 1 mL ice-cold water, rapid transfer onto a vacuum filtration unit fitted with a GF/C filter membrane (Whatman), and washing with 7 mL water. The filter membranes were transferred to scintillation vials containing 3 mL of scintillation fluid (Quicksafe A, Zinsser Analytic, Frankfurt, Germany) and analyzed using a Packard TriCarb liquid scintillation counter (Perkin Elmer Inc., Rodgau, Germany). Substrate accumulation of nonexpressing yeast cells after 240 s was below 0.025 nmolÁmg À1 (formate), below 0.07 nmolÁmg À1 (acetate), or not detectable (L-lactate), and the background was subtracted from FNT-expressing cells. As an improvement to an earlier reference [14] , in which transport rates were calculated from the uptake during the first 20 s alone, in this study, we considered the whole process by exponential fitting yielding slightly smaller values.
